Abstract. Off-site construction (OSC) methods have been widely adopted in the construction industry around the world. However, in a lot of developing countries, the application of OSC still lags behind. Although a number of research efforts have focused on identifying the OSC barriers, they are limited to qualitative descriptions, which lacks the understanding of the interrelationships among the barriers. To address this gap, this paper proposed a methodology for identifying the OSC barriers and their cause-effect relationships. The proposed methodology is composed of three phases: (1) a comprehensive literature review and in-depth interview with the OSC industry experts, (2) questionnaire survey and focus group discussion, and (3) grey DEMATEL analysis. The proposed methodology was applied in the context of China's construction industry. The results of the grey DEMATEL analysis provided the cause-effect relationships of the 35 identified OSC barriers, which indicated six important aspects be taken into deeper consideration, such as governmental regulations and incentives, OSC practices and experiences, as well as traditional construction method transformation. The outcomes of this study will support policymakers and OSC participants to identify the influencing OSC barriers and their interrelationships, as well as propose appropriate strategies for overcoming the barriers and broadening the OSC application.
Introduction
Conventional on-site construction methods have long been criticized for low productivity, poor quality and safety control, long construction time, and large amount of construction waste. Off-site construction (OSC) methods, as alternatives to the conventional on-site construction methods, have been widely adopted to move the work from construction sites to factories. Compared with the traditional construction methods, numerous benefits of using OSC have been recognized internationally. For example, OSC can utilize resources more effectively, reduce waste generation, improve health and safety performance, provide a controlled environment to maximize construction quality, better integrate supply chain, and enlarge economies of scale (Arif, Egbu 2010) .
OSC techniques have been progressively adopted in the construction industry around the world (Jaillon, Poon 2009) . For example, the average share of precast concrete systems in the construction industry across the European Union is 20-25%, and the share is even higher in the northern European countries, which goes up to 40-50% (Polat 2010) . However, despite the well-documented advantages of OSC, the development and popularization degree of OSC in developing countries is still at a low level. For example, the proportion of OSC projects accounted for only 2-3% in China's newly built buildings (Han et al. 2017) . There is, thus, a strong need to identify the obstacles for promoting the implementation of OSC in developing countries.
A number of research efforts have been conducted to explore the barriers inhibiting the development and implementation of OSC (e.g. Arif, Egbu 2010; Mao et al. 2015; Mohamad Kamar et al. 2009; Zhang, Skitmore 2012) . However, despite the importance of the existing efforts, they have mostly focused on the experience and summary of pilot projects. Such research efforts are limited to qualitative descriptions without in-depth analyses, which are lack of sufficient accuracy and pertinence. Further studies are thus needed to not only identify the barriers hindering the use of OSC in construction, but also figure out the interrelationships and importance rankings of the barriers for providing better decision-making support to policymakers. Therefore, to address this gap, this paper proposed a methodology for identifying the OSC barriers and understanding their cause-effect interrelationships. The proposed methodology is based on the integration of three phases: (1) comprehensive literature review and in-depth interview with OSC industry experts, (2) questionnaire survey and focus group discussion, and (3) grey DEMA-TEL (Decision Making Trial and Evaluation Laboratory) analysis. The first two phases aim to identify a potential set of barriers and determine the relations among these barriers. The grey DEMATEL method aims to mathematically determine the degree of impacts of each barrier and their interrelationships, and to provide insights to policymakers for better improving the development of the OSC industry.
This study applied the proposed methodology in the context of China's OSC industry. China is the world's largest construction market. Revealing the major barriers and their cause-effect relationships in China is especially important and relevant for the popularization of OSC in developing countries, and will add to the body of knowledge and provides more effective management strategies for stakeholders and decision makers.
Problem statement
China is facing with serious housing shortages because of rapid urbanization. Shown by the "National New Urbanization Plan (2014-2020)", China's central government is implementing an innovative urbanization strategy, which aims to achieve urbanization targets including transferring approximate 100 million rural population to urban areas by 2020, and reaching 60% urbanization rate of permanent residents (Cheshmehzangi 2016) . However, China's construction industry is characterized as traditional, labor-intensive, and inefficient, which is unable to meet the booming demand for urban housing. Potential advantages on the application of OSC have been recognized by the central government, practitioners, and researchers. The need for modernizing China's traditional construction industry and tackling the issues of housing demand, sustainability, and innovation-driven development calls for the development of OSC.
However, significant challenges still exist. Compared with developed countries that have adopted OSC for decades (e.g. Germany and Denmark), the development of the OSC techniques in China has just started. The shift from "traditional and on-site construction" to "innovative and industrialized housing" is not easy, especially as traditional construction approaches have been applied in the construction industry for centuries (Zhang, Skitmore 2012) .
Although the factors hindering the use of OSC in construction have been studied by a number of researchers (as pointed in the previous section), there is a scarcity amount of research efforts focusing on the barriers in China, and there is a lack of research efforts on finding the interrelationships of the barriers. Therefore, to address the aforementioned knowledge gaps, this study aims to fully investigate the major OSC barriers, mathematically analyze the cause-effect relationships of the barriers, and put forward strategies to conquer the barriers, in the context of China's OSC industry.
In the remainder of this paper, Section 2 briefly introduces the related works in terms of the OSC barriers and the grey DEMATEL method. Section 3 presents the proposed research methodology. Section 4 summarizes the OSC barriers and discusses the findings. Section 5 provides the theoretical and managerial implications based on the results of this study. The last section summarizes the conclusions and looks into future research directions. The research outcomes will benefit policymakers and practitioners in better understanding the OSC barriers, and launching proper regulations and incentives for promoting the application of OSC in China and other developing countries.
Related work

OSC barriers
The recognition of the importance of OSC technology for enhancing productivity and alleviating the adverse environmental and social effects has resulted in an increasing number of OSC-related research efforts. The identification of the factors that inhibit the adoption of OSC technologies is one of the main research directions (Li et al. 2014) . For example, Mohamad Kamar et al. (2009) highlighted five main barriers to the OSC development in Malaysia by literature review and pilot study. The identified barriers include negative perception, readiness issues, cost and equipment, poor planning and regulations, and poor knowledge and awareness issues. Arif and Egbu (2010) pointed out that government policies should be favorable to the manufactured construction initiative. Requisite skills and competencies are needed from a long-term perspective. And strong strategic leaderships from multiple stakeholders, including the government, the construction industry, and the leaders at the municipal level, are needed for motivating and educating the people during the shift in culture and attitude. Zhang and Skitmore (2012) presented nine typical hindrances for applying OSC in China. The top three hindrances reported by Zhang and Skitmore (2012) are higher initial cost, skilled labors with higher wage, and lack of hoist equipment capacity. Mao et al. (2015) investigated the major factors inhibiting the adoption of OSC in mainland China's construction market from the perspective of property developers. The 18 critical factors were categorized into five clusters: industry structure and supply chain, policies and regulations, technological innovation, cost, and market demand. Regulations and policies are the most dominant of the five clusters. Hong et al. (2018) examined the barriers for promoting OSC from a cost perspective. They established a cost-benefit analysis framework to explore the basic cost composition of OSC and examined the effect of adopting OSC on the total cost of real building projects.
While the existing efforts in identifying OSC barriers are certainly valuable, they are limited to qualitative descriptions without in-depth analyses, or studies of a single barrier without considering a full range of barriers. However, the barriers hindering the application of OSC are a complex system. The elements are interacting with each other. Yet, to the best of the authors' knowledge, there has been no research for revealing the interrelationships among the OSC barriers thus far. Therefore, the aim of this study is to not only identify the barriers in China's OSC industry, but more importantly, to investigate the causeeffect relationships of the barriers.
Grey DEMATEL method
The DEMATEL method, which was created by the Geneva Research Center of the Battelle Memorial Institute (Fontela, Gabus 1976) , is especially practical and useful for visualizing the structure of complicated interdependent relationships by using matrices or digraphs (Chien et al. 2014; Zhou et al. 2011) . The traditional DEMATEL method has been widely used in many fields such as industrial symbiosis networks (Bacudio et al. 2016) , knowledge management in supply chain (Patil, Kant 2014) , and consumer decision-making in e-marketplace (Kumar, Dash 2016) . The DEMATEL method supposes that the system under consideration contains a set of factors, and pairwise relations of the factors are determined by a mathematical relation (Tseng 2009 ). It provides a way to visualize causal relationships among the factors through an impactrelationship map, and is also able to indicate the degree to which factor influence each other (Kabak et al. 2016) . In this structural modeling approach, all factors are divided into cause group or effect group. A better understanding of the causal relationships among the system factors can thus be obtained. This feature makes DEMATEL an appropriate tool to solve the cause-effect relationship problem of the OSC barriers in the construction industry. Therefore, this study used the DEMATEL method to classify the barriers hindering the OSC application, and to identify the most critical barriers by analyzing and interpreting the structural cause-effect model. The causal factors having the greatest effect on the system are the most critical barriers that need particular attention.
Before conducting the DEMATEL analysis, the pairwise relationships among the influential factors of the studied problem need to be determined. Such relationships are built based on the personal judgments, preferences, and knowledge of experts or decision-makers. In the traditional DEMATEL method, crisp values are usually used to describe the relationships. However, crisp numbers are inadequate in the real world, due to the vagueness and imprecise judgments existed in human's decisionmaking (Liang et al. 2016) . For example, it is possible that there is inaccurate and inadequate expert knowledge of OSC. Most of the OSC practices in China are pilot projects. The researchers and practitioners could have a short of experience and deviated opinion when building the relationships among the influential factors. Grey set theory is thus needed for solving this kind of problem.
Grey set theory is an important tool for supporting uncertain decisions. It can make the decision results closer to reality by constructing a flexible decision model using grey interval numbers. In reality, the evaluation given by experts or decision makers on related fields is always expressed in linguistic expressions instead of crisp values. The grey set theory can be implemented to measure the ambiguous concepts associated with human's subjective judgements by combining linguistic variables (Lin 2013) . In particular, when experts make judgments using incomplete or conflicting information, or when they are aware of the lack of expertise in some situations, the contributions of the grey set theory will increase (Kabak et al. 2016) .
To benefit from the advantages of both the DEMATEL method and the grey set theory, the so-called "grey DEM-ATEL" (Govindan et al. 2016) or "fuzzy DEMATEL" (Lin 2013 ) method has been proposed by combining the DE-MATEL method and the grey logic. The extended method has been widely used to address the complicated and intertwined problems (e.g. Lin et al. 2008; Vakil alroaia et al. 2012; Zhou et al. 2011, etc.) , to help researchers with better decision support in an environment of imperfect information characterized by linguistic expressions and incomplete/inaccurate personal judgements of experts (Kabak et al. 2016) . Therefore, the grey DEMATEL method was applied in this study, to obtain a more accurate analysis for identifying the OSC barriers and their cause-effect relationships.
This research contributes to the body of knowledge in three main ways. First, it proposed an OSC barriers and interrelationships identification methodology. Second, it identified the linkages and cause-effect relationships among various barriers hindering the OSC industry. Third, by highlighting the cause-effect relationships among these barriers, this research enables a better decision-making support for policymakers in preparing more effective strategic plans to promote the development of the OSC industry.
Methodology
The methodology used in this study is a combination of literature review, in-depth interview, questionnaire survey, focus group discussion, and grey DEMATEL analysis.
Literature review and in-depth interview
A comprehensive review of previous studies was performed to identify a potential set of barriers that are hindering the OSC practice. The authors reviewed a wide range of literatures from various top-ranking journals and conference proceedings. For example, Blismas et al. (2005) highlighted the project-level constraints on the use of off-site production in construction. The constraints were grouped into four broad themes covering the array of specific constraints, and were ranked using cumulative scores. The most prominent constraints were process constraints, followed by value, supply-chain and knowledge constraints. The barriers of OSC in the Australian construction industry were summarized to four aspects: process change, high capital expenditure, supply-chain restrictions and regulatory restrictions (Blismas, Wakefield 2008) . In Hong Kong, ten hindrances in applying prefabrication were studied, and the top three hindrances are inflexible for changes of design, lack of research information, and higher initial construction cost (Tam et al. 2007) . The case studies conducted by Jaillon and Poon (2009) showed that the barriers of adopting prefabrication were generally the limitation in element dimension due to problems with transportation and lifting equipment, small site dimensions in dense urban area, and lack of on-site storage area for precast components. The in-depth interviews with the OSC industry experts are conducted after the literature review, to further inspect the comprehensiveness and rationality of the identified barriers. The experts are China's representative contractors, developers, designers, precast component manufacturers, policymakers, and academicians. The in-depth interviews include two steps. First, the interviewees are asked to express their views and comments freely on the current OSC development in China based on their experience. Second, the interviewees are asked to answer questions about whether the factors obtained from the literature review covered all the potential barriers, and whether any factors need to be merged or split.
The literature review and expert interviews identified an initial list of the preliminary barriers inhibiting China's OSC practices, which became the objects for further analysis. Overall, a total of 35 barriers from economic, technological, industrial, social, and legal dimensions were selected, as shown in Table 1 .
Questionnaire survey and focus group discussion
The questionnaire survey and focus group discussion aim to determine the direct-influenced matrix. The direct-influenced matrix is formed by the mutual influential relationships between any two factors in Table 1 .
The questionnaire was composed of three sections. Section 1 introduced the background and purpose of this study to the respondents. Section 2 was composed of demographic questions for collecting the personal information of the respondents, including the respondent's occupation, affiliation, and years of construction experience. This section is to verify the eligibility of the respondents and representativeness of the collected data. In Section 3, respondents were asked to make his/her own judgment on the influential degree between each pair of barriers in Table 1 , and report their answers by using the linguistic terms presented in Table 2 . Initial direct-influenced matrixes were then generated by each respondent.
Each element in the direct-influenced matrix is obtained from the subjective understanding and evaluation of each respondent. So, the resulted direct-influenced matrices varied across respondents, as the respondents may have different understandings of the influential degree among the barriers. Therefore, the focus group discussion aims to evaluate the results of the questionnaire survey, and gain a systematic and consentaneous view on the decisions of the direct-influenced matrixes.
Seven external OSC experts were invited to participate in the focus group discussion, including two professors who have conducted in-depth OSC-related research, two precast component manufacturers who have profound understandings of OSC, one engineer from the real-estate development firm and one from the contractor who have gained wide experience of OSC practices, and one OSC administrative executor. An experienced moderator was chosen to host the focus group meeting. The moderator introduced the meeting rules and the related knowledge about OSC to the participants. The invited experts were then asked to evaluate and discuss the initial direct-influenced matrixes obtained from the questionnaire survey. Based on the rule, "the minority is subordinate to the majority" (Ren et al. 2013) , and the consensus within all the experts, the initial direct-influenced matrixes were merged, and a final direct-influenced matrix was generated.
Grey DEMATEL analysis
The procedure of the grey DEMATEL method can be detailed as the following steps.
Step 1: Determining the direct-influenced matrix. Direct-influenced matrix is the basis of the grey DEMA-TEL analysis. The questionnaire survey and focus group discussion, as was explained in Section 3.2, was used to get the direct-influenced matrix of the 35 OSC barriers. The respondents were asked to present their opinions and views based on the pairwise relationships among the OSC barriers, using the linguistic terms following Table 2 . And external experts obtained a final direct-influenced matrix after evaluating and discussing the survey results.
Step 2: Determining the grey direct-influenced matrix. Transform all the linguistic terms into grey numbers according to the matchup criteria in Table 2 . The influence of factor i on factor j determined by the experts was denoted by ,
Here, a ⊗ is a grey number, which represents that the information of the number is insufficient and incomplete, and it belongs to a range instead of a crisp value (Lin 2013 ). For i = j, the diagonal elements are set to [0, 0] . The results provided by the stakeholders or decision makers can form an n by n matrix, as shown in Eqn (1) 
where A ⊗ is the grey direct-influenced matrix, k is the number of respondents, and ,
Step 3: Normalize the initial direct-relation matrix. The normalized initial direct-relation matrix D can be determined by Eqns (2) and (3):
( )
where D ⊗ is the normalized initial direct-relation matrix, and s is the auxiliary parameter for normalizing the initial direct-relation matrix.
Step 4: Calculate the total relation matrix. The powers of D ⊗ represent the indirect effects between any two factors. The total relation matrix T ⊗ can be calculated by Eqns (4)-(8):
where T ⊗ represents the total relation matrix, and I is the identity matrix.
Step 5: Determine the prior sequence of the factors from most to least important, and identify the cause-effect relations. The total effect that directly and indirectly exerted by the i-th factor, is denoted by i R ⊗ , and could be calculated by Eqn (9):
The total effect including direct and indirect effects received by the j-th factor, is denoted by j C ⊗ , and could be calculated by Eqn (10):
The sum i j R C ⊗ + ⊗ represents the total effects given and received by the i-th factor. In other words, i j R C ⊗ + ⊗ is a measure of the degree of the importance of the i-th factor in the system. The prior sequence of the n factors could be determined based on the value of i j R C ⊗ + ⊗ . The bigger the value of i j R C ⊗ + ⊗ , the more important the factor is. The difference i j R C ⊗ − ⊗ is called relation. It shows the net effect that is contributed by the i-th factor to the system. When 0 i j R C ⊗ − ⊗ > , the i-th factor is a net cause, which means the factor belongs to the "cause group". On the contrary, when 0 i j R C ⊗ − ⊗ < , the i-th factor is a net receiver/result, which means the factor belongs to the "effect group". The fuzzy numbers were converted to crisp values by taking the average. The results were validated through feedbacks from industrial and academic experts. Table 3 shows the demographic information of the respondents, including their affiliation, occupation type, professional title, and work experience. According to Table 3, 60% of the respondents work in prefabricated component factories, construction firms, or academia. More than 90% of the respondents are engineers, managers, or researchers. And managers accounted for the single largest proportion, which is about 34%. The majority (about 84%) of the respondents are with senior titles or above, which indicates that the responses of the survey are representative and reliable. However, in terms of the OSC working experience, half of the respondents have only 1-3 years of experience, which indicates that there is a lack of professionals with rich experience in China's OSC industry, and therefore, identifying and overcoming the OSC barriers is a must towards promoting the development of OSC.
Results and discussion
The OSC barriers were analyzed and structured following the proposed methodology. Since the 35 potential barriers have been determined through literature review and in-depth interview, questionnaire survey and focus group discussion are then conducted to collect evaluation data about the pairwise interrelationships among the selected OSC barriers. The direct-influenced matrix (Table 4), which was determined by the focus group discussion and expressed in linguistic terms, was thus obtained. For example, if the experts decided that high construction cost for contractor including transportation cost and cranage cost (B 2 ) has "Extremely high influence (EH)" on the high bidding price for contractors (B 4 ) after the final discussion, "EH" will be filled in row B 2 and column B 4 of Table 4 . Next, according to the matchup of the linguistic terms and grey numbers in Table 2 , the linguistic terms in Table 4 were transformed into grey numbers, as shown in Table 5 . Then the normalized direct-influenced matrix and the total relation matrix were calculated using Eqns (2)-(3), and Eqns (4)-(8). Finally, indexes and scores of each barrier were obtained by using Eqns (9) and (10), as shown in Table 6 . Based on the above outcomes, the cause-effect relationship diagram was plotted by mapping the data points (crisp Figure 1 .
The importance of the barriers was calculated and ranked by using i j R C ⊗ + ⊗ (Table 6 ). Of the 35 barriers, the final prior sequence of the five most important barriers are dependence of traditional construction method (B 14 ), lack of practices and experiences (B 13 ), high bidding price for contractors (B 4 ), high cost for contractor including Table 4 . Direct-influenced matrix using linguistic terms Table 5 . Direct-influenced matrix using grey numbers Table 6 . Results of grey DEMATEL analysis construction, transportation and cranage cost (B 2 ), and shortage of market demand (B 5 ). And the five least important barriers are small site dimensions in dense urban area (B 31 ), monotony of structure type (B 16 ), size and load restrictions on transportation (B 30 ), difficulty to the storage of prefabricated elements (B 10 ), and lessons and attitudinal barriers due to historic failures (B 28 ).
The barriers can be divided to the "cause group" or the "effect group" based on the value of i j R C ⊗ − ⊗ . The results were presented in Table 6 . And according to the cause-effect diagram (Figure 1 ), the points above the x-axis are the cause barriers, and the points below the x-axis are the effect barriers. As a result, 19 barriers are in the cause group and 16 in the effect group. The cause barriers include: high initial set-up cost for manufacturer (B 1 ), longer lead-in time for pre-planning and design during design stage (B 6 ), traditional design process unsuited to OSC (B 7 ), not easy to modify design scheme especially once manufacture has commenced (B 8 ), transportation technology of prefabricated elements and access to the construction site (B 9 ), difficulty to the storage of prefabricated elements (B 10 ), durability of prefabrication unproven (B 11 ), organizational mechanism and culture (B 15 ), monotony of structure type (B 16 ), monopoly of techniques (B 17 ), education and training still focused on current practices (B 19 ), fragmented industry structure (B 20 ), unable to achieve good communication and collaboration among parties (B 21 ), risk adverse culture (B 23 ), lack of related organizations, such as local R&D institutes and services, testing institute to prefabricated components, experienced design consultancy and designers, manufacturers and suppliers of prefabricated components, and production facility logistics, etc. (B 26 ), lessons and attitudinal barriers due to historic failures (B 28 ), lack of design codes and standards for prefabricated components (B 32 ), lack of construction quality acceptance criteria (B 33 ), and lack of governmental regulations and incentives (B 35 ). The rest 16 barriers are the effect barriers.
Cause barriers analysis
The barriers in the cause group have more influence on the whole barriers system, because the performance of the cause barriers can impact the effect barriers. Considering the importance sequence, the cause barriers were ranked as follows: In the legal dimension, lack of governmental regulations and incentives (B 35 ), lack of construction quality acceptance criteria (B 33 ), and lack of design codes and standards for prefabricated components (B 32 ) were identified as the main cause barriers. The importance scores of the three barriers are 0.9013, 0.8025, 0.7608, respectively. As the OSC industry in China is still at the early development stage, there is a lack of market forces. Therefore, governmental regulations and incentives on the OSC implementation are urgently needed to help the OSC participants to reduce cost and risk.
The important cause barriers in the industrial dimension are: lack of related organizations (B 26 ), unable to achieve good communication and collaboration among parties (B 21 ), risk adverse culture (B 23 ), and fragmented industry structure (B 20 ). This result indicates that there is a scarcity of participants in China's current OSC industry, which could affect the integrity of the OSC supply chain. Individual parties in the OSC industry will not be capable of implementing OSC. Therefore, encouraging the coordination and participation of all the market players is a must.
In the technological dimension, ten out of fourteen factors were in the cause group. This result indicates that the technologies for the whole OSC process, including component design, prefabrication, transportation, and assembly, are seriously hindering the OSC development. Therefore, the promotion of OSC requires mature technology as well as close coordination of different stakeholders.
High initial set-up cost for manufacturer (B 1 ) is the only cause barrier in the economic dimension. Compared with the participants in the traditional construction process, component manufacturer is an additional party in OSC. As the suppliers in the construction supply chain, the manufacturers are responsible for producing the prefabricated components. However, the huge amounts of investment for the factory facilities and equipment, as well as the uncertainty of the market demand and the risks of inadequate technical and managerial experience, have greatly increased the cost for the manufacturers. Therefore, both the high predictable and unpredictable costs make B 1 a very important cause barrier.
In the social dimension, lessons and attitudinal barriers due to historic failures (B 28 ) is the only cause barrier. This result has its historical reason. Since 1950s, China began to introduce the prefabricated panel building technology from the Soviet Union. However, the building durability problems, such as crack, water leakage, and poor earthquake resistance, have left negative impressions on OSC practitioners. It is thus understandable why B 28 became a cause barrier to OSC application.
Effect barriers analysis
Sixteen barriers in the effect group were influenced by the cause factors. They were ranked according to their relative importance, i.e., 14 ) is the most important effect factor, whereas small site dimensions in dense urban area (B 31 ) is the least important factor among these effect barriers.
The five most important effect barriers came from the technological and economic dimensions. In the technological dimension, dependence of traditional construction method (B 14 ) and lack of practices and experiences (B 13 ) are the two most important barriers, which reached the two highest importance scores, i.e., 1.962 and 1.413, respectively. Although with the highest importance scores, B 14 and B 13 were identified as the effect barriers, because they are the generalization and representation of other technological factors. This result indicates that specific technical factors are still the most important barriers in OSC application. In addition, OSC participants concern about the possible risks caused by applying OSC and pursue short-term economic profit, and thus are reluctant to be the OSC pioneers. Therefore, the transformation of the traditional construction industry requires mandatary control by the government.
In the economic dimension, three out of five (i.e., B 4 , B 2 , B 5 ) were ranked in the top five most important factors. The importance scores for high bidding price for contractors (B 4 ), high cost for contractor including construction, transportation cost and cranage cost (B 2 ), and shortage of market demand (B 5 ) are 1.197, 1.080, 0.974, respectively, which indicates that the OSC practitioners believe that the high economic cost and shortage of market demand are the main obstacles hindering the implementation of OSC. Yet, the top ranked economic factors are all effect barriers. This is because the high economic cost is the result of inadequate development of technology, industry, society, and regulations. Shortage of market demand (B 5 ) is another important effect factor, because OSC techniques are new to developing countries like China. The consumers might not be aware of OSC or might concern about the safety of OSC, and thus causes a low market demand.
In the industrial dimension, reluctance to innovation (B 25 ), unbalance and uncertainty between component supply and demand (B 22 ) and lack of skilled industrial worker (B 27 ) are the most important effect barriers. The development of OSC requires huge amount of technical and managerial innovation. However, OSC participants are reluctant to innovation due to the large innovation investment, high risk, and illegal piracy. The uncertainty of the OSC market demand causes the risk of component demand and supply unbalance, which constitutes obstacles to the component production investment, technological innovation, and production plan development. The result also indicates that there is a severely scant amount OSC managers and workers, which may be caused by the lack of OSC practices, education and training.
In the social dimension, lack of awareness of prefabrication by the market and public (B 29 ) is the most important effect factor. The level of public awareness and acceptance for the prefabricated buildings is still relatively low. Therefore, it is essential to arouse awareness of OSC among the construction participants and the general public.
Inadequate skills qualifications (B 34 ) is the only effect barrier in the legal dimension. OSC certification is the product/result of the OSC development to a certain stage, which can thus be seen as an effect factor.
The obtained results were sent to the external committee for validation. The external committee includes two academic experts and one construction manager. Their feedbacks accepted all the results, and thus validated the results of this research.
Theoretical and managerial implications
This research proposed a new grey-DEMATEL-based methodology for identifying OSC barriers and understanding their cause-effect interrelationships. It is an innovative attempt to apply the combined DEMATEL method and grey set theory in the OSC domain. The OSC barriers often have complicated relationships, especially at the early development stage. Therefore, a lot of questions such as what the cause barriers are, what the effect barriers are, and whether the barriers have the same influence on OSC development, have yet to be answered. These questions are exactly what this research aims to solve. The results of this study identified the OSC barriers and classified them to cause and effect factors, and ranked them according to their importance level, which provided a theoretical basis for promoting the OSC development.
In addition, the research findings provided important strategic directions for OSC participants. The results of this study suggest focusing on the barriers in the cause group due to their influences on the effect group barriers. Therefore, specific managerial implications are suggested from the following six main perspectives:
-Launching policy measures and incentives to encourage participants to commit to the OSC development. For example, the government can provide preferential access to land or credit, tax reduction and exemption, and capital allowances to OSC participants. For example, fostering the main market players, such as research and development institutes and services, prefabricated component testing institutes, as well as experienced design consultancy, to achieve resource integration, mutual connection and information communication, collaborative innovation, and risk reduction. -Improving OSC education and training. On the one hand, the technologies and management of OSC should be added to the school education. On the other hand, OSC training should be provided for the traditional construction workers in the building practices. In addition, more time, energy, and money should be invested to the OSC education and training. -Increasing the market demand for prefabricated buildings. Market demand is the fundamental force driving the development of OSC. Therefore, the buildings constructed by the OSC approach must satisfy people's requirements on building quality and built environment improvement, energy and resources consumption reduction, and personalized needs, to attract consumers to choose prefabricated buildings rather than traditional ones.
Conclusions, limitations, and future work
It is necessary to identify the barriers that hinder the implementation of OSC, which can help the decision-makers or stakeholders to put forward appropriate measures to promote the development of OSC in developing countries. This research investigates a wide range of barriers through a comprehensive literature review and in-depth expert interviews. To rank the barriers in terms of their relative importance and examine their cause-effect relationships, a grey DEMATEL method was developed. According to the research results obtained from the grey DEMATEL analysis, effective advices were provided to decision-makers or stakeholders to promote the development of OSC. According to the priority order and the cause-effect relationships of the 35 barriers, the following aspects should be taken into deeper consideration: governmental regulations and incentives, practices and experiences, traditional construction method transformation, communication and collaboration among different parties and related organizations, increased innovation, education, and training, and market demand. In this study, the vagueness and deviation from the experts' judgments are overcome by using the grey set theory. Different views on the OSC barriers from multiple stakeholders are considered and combined to ensure the comprehensiveness and accuracy when determining the final direct-influenced matrix. The relative importance order and cause-effect relationships among the barriers can help policy-makers and stakeholders to put forward more effective measures for promoting the application of OSC. However, limitations still exist. First, more groups of experts can participate in the decision-making process. But it may produce different results compared to this study. Second, different countries or regions might face with different OSC barriers. It is necessary to specify the research scope when applying this research methodology to other countries or regions, to get more targeted and reliable results for developing better OSC development strategies. For future studies, additional barriers can be considered to extend the current study. The current model is based on the personal judgment of the experts. For future studies, more statistical-based validation can be conducted.
